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A  systematic  study  has  been  conducted  to characterize  the  multiple 
overlapping  of  closely  spaced  laser  pulses  in  a  two-photon  fluorescence 
(TPF)  cell.  Parametric  analysis  of  the  autocorrelation  function  for  the 
amplitude  of  a  closely  spaced  laser  pulse  train  containing  n-pulses  has 
reproduced  TPF  spectra  experimentally  observed  with  a  low-light-level 
electro-optics  detecting  system.  The  effects  of  one-  and  two-photon  ab¬ 
sorption  has  been  analyzed.  Theoretical  predictions  have  been  presented 
for  peak  to  background  ratios,  number  and  spacings  of  TPF  peaks,  relative 
TPF  peak  intensities  and  fluorescent  decay  spectra.  A  design  of  an  experi¬ 
mental  system  for  generating  closely  spaced  laser  pulses  has  been  presented. 
Closed  form  solutions  have  been  obtained  for  cases  in  which  two-photon 
absorption  is  negligible.  Finally,  it  can  be  concluded. that  laser  pulses 
separated  by  distances  on  the  order  of  one  picosecond  can  be  characterized 
with  this  system. 
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INTRODUCTION 

The  two-photon  fluorescent,  TPF,  technique  of  Giordmalne,  et  al^  Is 

a  well  established  method  for  determining  laser  pulse  temporal  durations. 

The  author.  In  collaboration  with  J.  Taboada,  recently  reported  on  a 

low-light-level  electro-optics  TPF  system  that  incorporates  a  photo - 

2 

diode  detection  system.  In  the  process  of  developing  this  system,  it 
was  observed  that  some  TPF  spectra  contain  multiple  peaks  as  opposed  to 
the  expected  single  peak.  A  typical  oscillogram  of  this  effect  is  shown 
in  figure  1.  Preliminary  analysis  of  these  data  showed  that  the  distance 
between  closely  spaced  laser  pulses  could  be  determined  if  this  process 
was  used  in  a  controlled  manner.  This  project  was  an  effort  to  develop 
a  theoretical  basis  for  such  a  measurement  strategy. 


PULSE  STRUCTURES 


If  a  laser  pulse  train  consisting  of  n  pulses  overlaps  with  a 
mirror  image  of  itself  in  a  two- photon  fluorescence  medium,  the 

time  integrated  fluorescence  signal  at  position  z  in  the  medium  will  be 
given  by  equation  1.  Equations  2  and  3  give  the  intensity  distribution 
functions  for  the  laser  pulse  train  and  its  mirror  image,  I^(t  -  z/v) 
and  IjCt  +  z/v)  respectively.  Table  1  contains  a  captior.  for  the  symbols 
in  equations  1-3.  If  the  two-photon  absorption  coefficient, 6,  is  zero, 
a  closed  form  solution  exists  for  equation  1.  The  solution  is  given  in 
equation  4.  A  laser  pulse  train  for  the  case  n  =  3  is  shown  in  figure 
2  and  a  typical  TPF  spectrum  for  evenly  spaced  laser  pulses  is  shown  in 
figure  3.  For  the  case  of  a  «  0  and  6  l4  0  see  Appendix  1.  In  this  report 
all  TPF  spectra  are  normalized  to  give  a  peak  signal  of  3  when  a  single 
pulse  overlaps  with  its  mirror  image  in  the  TPF  cell.  Other  parameters 


used  to  obtain  the  normalization  constant  are  n  »  0,  g  -  0,  and  K  ■  1. 
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The  normalization  constant  N^  is  then 


N^Ti 


loP 


(5) 
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-  autocorrelation  Integral 

Intensity  function  moving  in  the  +Z  direction 
intensity  function  moving  In  the  -Z  direction 

-  position  in  TPF  cell 

-  velocity  of  light  in  TPF  medium 
time 

th 

-  peak  intensity  of  the  i  Laser  pulse 

s  t  t  Vi 

temporal  space  between  the  lfa  and  i  Laser 
pulse 

-  single-photon  absorption  coefficient 
two-photon  absorption  coefficient 

1/e  half-width  of  the  ith  Laser  pulse 

-  h  dye  cell  width 

attenuation  factor  for  pulse  moving  in  -l 
direction 

-  number  of  Laser  pulses  in  train 

*01^*02 

-  Vt2 

full  width  at  half  maximum  (fwhm) 


LASER  PULSE  TRAIN  FOR 


TIME  CPSEC) 
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This  constant  is  obtained  by  solving  equation  1  for  the  conditions  stated 

above  then  setting  the  results  equal  to  3  at  z  =  0.  The  full  width 

th  3 

at  half-maximum  of  the  i  laser  pulse  is  given  by  the  relationship 


DYE  CELL  AND  MEDIUM 

In  cases  where  the  theoretical  results  are  compared  to  experimental, 

_3 

a  1.7  cm  dye  cell  length  is  used.  The  TPF  medium  is  a  5  X  10  M  solution 
of  Rhodiman  6G  in  ethanol.  A  refractive  index  of  1.35  is  used,  thus  the  value 
used  for  the  velocity  of  light  in  the  medium  is  2.22  x  10^  cm/s ec. 

Under  these  conditions,  pulses  that  are  separated  by  distances  greater 
than  76  ps  will  not  have  multiple  overlapping  within  the  TPF  cell. 

VERIFICATION  OF  CLOSED  FORM  OF  S  (z) 

_ _ _ _ n 

The  closed  form  of  S^(z)  has  been  verified  by  comparison  to  numerical 
4 

integration  of  equation  1.  The  results  of  such  a  comparison  is  shown 
in  figure  4.  The  parameters  used  in  this  particular  comparison  are 
n  =  2,  Iq^  =  IQ2,  a  =  0,  K  =  1,  T^  =  T2  =  6  ps,  A2  =  30  ps  and  =  50  ps. 

The  lower  graph  is  the  result  of  the  numerical  integration  and  the  upper 
graph  is  the  evaluation  of  equation  4. 

EVEN  AND  UNEVEN  PULSE  SPACING 

If  the  pulses  in  the  laser  pulse  train  are  evenly  spaced  such  that 
-  6^  is  constant  for  all  I,  then  the  maximum  number  of  pulses 
that  can  occur  in  the  TPF  cell  is  N  where 

N  =  2n  -  1  (7) 

and  n  is  the  number  of  pulses  in  the  laser  pulse  train.  Figure  5  shows 
TPF  signals  for  n  =  1,  2,  3,  and  4  identical  and  evenly  spaced  laser 
pulses. 


a 


COMPARISON  OF  HUM.  t  CLOSED  FORMS 


POSITION  IN  CELL  <CH> 


VARIABLE  NUMBER  OF  EVENLY  SPACED  LASER  PULSES 


POSITION  IN  CELL  <CN> 


11 


If  the  laser  pulses  are  unevenly  spaced,  additional  satellite  pulses 
can  occur  within  the  TPF  spectrum.  The  maximum  number  of  pulses  are  found 
from  equation  4  to  be  (see  Appendix  2) 

N  =  n^  -  n  +  1.  (8) 

TPF  spectra  are  shown  in  figure  6  for  n  =  3  and  =  30  ps.  A^ 
variable  and  takes  on  values  from  70  to  20  ps.  Pulses  may  occur  in  the 
TPF  cell  for  all  values  corresponding  to  +Jj(A^  -  A^). 

Figure  7  shows  three  additional  TPF  spectra.  Graph  A  shows  a  case  where 
the  second  satellite  is  larger  than  the  first  satellite.  For  this  case, 
n  =  4,  A^  =  40  ps,  A^  =  80  ps,  and  A^  =  100  ps.  In  B  and  C  the  same 
TPF  spectrumis  generated  for  two  different  sets  of  conditions.  In  B, 
n  =  6,  A^  =  20  ps,  =  200  ps,  A^  =  220  ps,  A^=  400  ps,  and  A^  =  420  ps, 
and  in  C,  n  =  2  and  ~  20  ps. 

LOCATION  OF  TPF  SATELLITE  PULSES  FOR  EVENLY  SPACED  PULSE  TRAIN 

For  an  evenly  spaced  laser  pulse  train,  TPF  satellite  pulses  occur 
in  the  TPF  cell  at  Z/V  =  4^(Ai+1  -  A^).  Therefore, the  spacing  between 
the  satellite  pulses  is  a  measure  of  the  laser  pulse  separation.  Figure 
8  shows  TPF  spectra  for  a  pulse  train  consisting  of  two  identical  pulses. 

The  separation  between  the  two  pulses  is  variable  and  ranges  from  80  to 
10  ps.  The  full  width  at  half-maximum  (e)  of  both  laser  pulses  is  10 
ps.  For  each  case  satellite  pulses  are  located  at  Z  =  H^^V.  Note 
that  A^  is  defined  to  be  0. 

If  the  pulses  are  evenly  spaced  but  not  identical,  the  same  rela¬ 
tionships  hold  for  pulse  location,  but  the  sizesof  the  satellite  pulses 
will  be  effected.  Figure  9  shows  the  same  case  as  figure  8  except  that 
0  ■  0.4  and  o  =  0.5.  For  the  laser  pulses  *  10  ps  and  e ^  ~  az ^ * 
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UNEVENLY  SPACED  LASER  PULSES 


POSITION  IN  CELL  <CH> 


UARIABLE  PULSE  SEPARATION  FOR  IDENTICAL  PULSES 


POSITION  IN  CELL  <CH> 


VARIABLE  PULSE  SEPARATION  THETA  -  8.4  i  SI SNA  »  8.3 


POSITION  IN  CELL  <CH> 
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HEICHT  OF  MAIN  PULSE  vs  HEIGHT  OF  SATELLITE  PULSES 

The  ratiosof  the  height  of  the  main  pulse  to  the  height  of  satellite 
pulses  hare  been  shown  to  depend  on  the  number  of  laser  pulses  overlap¬ 
ping  in  the  TPF  cell.  Let  be  the  height  of  the  main  peak  above 
the  background  level  and  let  H*  be  the  height  of  the  i^  satellite 
peak.  For  the  case  of  two  pulses  overlapping  in  the  TPF  cell  one 
satellite  pulse  occurs.  (Symmetrical  pulses  are  seen  to  the  left  and  right 
of  the  main  pulse) . 

For  this  case,  closed  form  calculations  have  been  used  to  show 

that  the  ratio  H  /H^  has  a  minimum  value  of  2.  (See  Appendix  3).  The 
m  s 

minimum  occurs  when  both  laser  pulses  are  identical.  Let  T^/T^  ~  a 

and  =  6  when  0  and/or  a  are  less  than  one,  the  ratio  H  /H^  is 

02  01  ’ms 

always  greater  than  2. 

Figure  10  shows  a  laser  pulse  train  and  the  corresponding  definitions 
for  0  and  n.  Figure  11  shows  the  ratio  H  /H^  for  various  values  of  0 
and  o. 

When  N  identical  laser  pulses  which  are  separated  by  equal  spaces 

overlap  in  the  TPF  cell,  the  ratio  becomes 

H  /H1  =  n/(n-l).  (9) 

m  s 

Figure  12  shows  a  series  of  overlaps  for  2,  3,  A,  5,  6,  and  10 
pulses.  The  separation  of  the  pulses  is  such  that  only  the  first  and 
second  overlap  occur  within  the  TPF  cell.  The  ratios  for  additional 


satellites  are  given  by 


H  /H  =  n/(n-i). 
m  s 


EFFECTS  OF  a  AND  K 

Single-photon  absorption  in  the  TPF  medium  causes  deviation  in 


T,  . 


the  TPF  spectrum  from  the  ideal  case.  A  series  of  TPF  spectra  for  various 


r  # 


PEAK  HEIGHT  TO  SATELLITE  HEIGHT  RATIO 


HEIGHT  OF  SAT.  US  HEIGHT  OF  HAIN 


POSITION  IN  CELL  <CH> 


values  of  a  is  shown  in  figure  13.  The  peak  to  background  ratio  is 
less  than  3:1  for  all  cases.  For  single  pulses,  the  maximum  value  for 
the  ratio  is  given  by  R'  where  (see  Appendix  4) 


9  _2ad 

,  (1  +  K  +  4K)e  (11) 

=  l  +  KV4“d 

here  R'  is  the  ratio  S(0)/s(-d).  All  graphs  in  figure  13  are  evaluated 
using  K  =  1.  Figure  14  shows  variations  in  th“  TPF  spectrum  when  a  =  0 
for  various  values  of  K.  For  all  cases  the  peak  to  background  ratio 
is  given  by  equation  11.  In  addition,  analysis  of  the  full  width  at  half¬ 
maximum  (c)  of  the  TPF  signal  shows  the  £  weakly  depends  on  the  value  of 
K,  at  K  =  1,  e  =  10.0  ps  but  at  K  =  0.5,  e  =  11.1  ps.  The  actual  value 
of  £  for  the  laser  pulses  is  10  ps  for  all  cases. 


FWHM  Vs  a  AND  6 

If  the  separation  between  laser  pulses  is  large,  only  the  main 
pulse  might  be  observed  in  the  TPF  cell.  Care  must  be  taken  in  inter¬ 
preting  the  full  width  half-maximum  of  the  TPF  trace.  Figure  15  shows 

variations  in  FWHM  for  various  values  of  o  and  0  for  two  laser  pulses 

2 

overlapping  in  the  TPF  cell.  For  these  cases,  1^  =  1  GW/cm  and 
T^  *  6  psec. 

OPTICAL  PULSE  MULTIPLER 

The  purpose  of  the  optical  pulse  multiplier  shown  in  figure  16 
is  to  use  a  single  laser  pulse  to  generate  a  train  of  n  laser  pulses 
all  with  equal  amplitudes.  To  minimize  lateral  displacement  of  the 
laser  beam  upon  transmission,  the  surfaces  S^,  .  .  •  S,  are  all 

pellicle  beam  splitters.  If  the  number  of  pulses  in  the  pulse  train 
is  n,  then  the  number  of  beam  splitters  is  j  when  j  =  2n.  If  the  beam 


SINGLE  LASER  PULSE 


POSITION  IN  CELL  <CM> 


POSITION  IN  CELL  <CI1> 
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splitters  are  identical  the  peak  intensities  of  all  pulses  in  the  trains 
will  be  equal,  and  given  by  I  ^  where 

I  =  r2(l  -  r)n-1I  ,  (12) 

oi  o 

where  I  is  the  peak  intensity  of  the  incident  pulse  and  r  is  the  re¬ 
flectivity  of  the  beam  splitter.  Equation  12  maximizes  when 

r'KT T  <13> 

Therefore,  the  system  can  be  optimized  when  designed  to  produce  a  specific 
number  of  pulses.  The  intensity  of  the  pulses  will  be  given  by 


If  the  system  is  to  be  used  to  generate  a  variable  number  of  pulses, 

a  value  of  r  should  be  selected  to  give  an  optimum  value  of  I  for  the 

maximum  number  of  pulses  n  to  be  generated.  Smaller  numbers  of  pulses, 

K  can  be  generated  by  placing  an  opaque  object  in  the  lower  beam  path 
til 

after  the  K  beam  splitter  in  that  path.  The  intensity  of  the  pulses 

in  any  train  will  be  still  given  by  equation  14,  where  n  is  the  maximum 

number  of  pulses  that  can  be  generated. 

Highly  accurate  placement  of  the  beam  splitters  is  not  required 

t  h 

since  the  differences  in  optical  paths  of  the  first  and  i  pulse  in 
the  train  is  given  by  2(d^  -  d^).  Micrometer  type  adjustments  capable 
of  controlling  each  optical  delay  to  within  0.1  mm  will  give  a  resolution 

in  pulse  separation  better  than  1  ps.  In  addition,  space  requirements 
for  the  optical  pulse  multiplier  will  be  minimized  if  the  system  is 
constructed  with  vertical  optical  paths. 


OPTICAL  PULSE  MULTIPLIER 
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TEMPORAL  SEPARATION  OF  PULSES  FOR  PULSE  MULTIPLIER 


The  separation  between  the  first  pulse  and 


,th 


pulse  is  given  by 


A 


i 


where 


At  =  2(d1  -  d^/C,  i  >  1 


(15) 


and  C  is  the  speed  of  light  in  vacuum.  A  micrometer  with  0.1  ram  accuracy 
and  a  range  of  15  cm  would  be  sufficient  to  generate  pulses  with  separa¬ 
tions  from  1  ps  to  1  ns. 

To  generate  the  desired  pulse  separation,  the  steps  listed  below 
should  be  followed.  It  is  assumed  that  n  pulses  are  to  be  generated 
and  spacing  between  successive  pulses  in  the  train  is  to  be  a  constant 
(Aj  =  (i  -  1)  A^) •  In  addition,  must  be  less  than  the  length  of 

the  TPF  cell  where  V  is  velocity  of  light  in  the  TPF  medium. 

1.  Adjust  and  lock  dj  near  its  minimum  value. 

2.  Block  the  beam  after  the  beam  splitter  that  reflects  light 
to  the  second  optical  delay. 

3.  Decrease  d^  until  a  satellite  pulse  occurs  in  the  TPF  cell 
and  is  separated  from  the  main  pulse  by  V  A^/2.  If  the  back¬ 
ground  is  subtracted  out  the  ratio  R  of  the  main  pulse  to  the 
satellite  pulse  will  he  2:1. 

4.  Relocate  the  optical  beam  block  to  allow  light  to  be  reflected 
to  one  additional  optical  delay,  d^. 

5.  Decrease  the  next  optical  delay  d.  until  a  second  satellite  is 
observed  to  overlap  with  the  firsl  satellite  pulse  and  the 
ratio  R  becomes  i/(i  -  1). 

6.  Repeat  steps  4  and  5  until  all  delays  have  been  adjusted. 

7.  Record  the  micrometer  reading,  D.  for  each  optical  delay  appl 
calculate  its  zerp^position,  0.  with  respect  to  d^.  The  0 
position  of  the  i  optical  delay  is  the  micrometer  setting 
that  will  cause  the  i  pulse  to  overlap  with  the  first  pulse, 

0.  =  A,0/2  -  D. 
t  i  i 

8-  All  subsequent  alignments  can  then  be  made  using  the  micrometer 
scale  readings  (with  the  appropriate  offset  0^)  and  equation  15. 


A  typical  progression  of  images  observed  in  the  TPF  cell  is  shown 
in  figure  17.  The  third  optical  delay  is  to  be  adjusted  as  described 
above,  =  10  ps,  and  A^  »  20  ps  has  already  been  set.  A^  is  to  be 

set  to  *  2  x  A^.  In  A,  A^  has  been  adjusted  to  50  ps.  It  can  be  ob¬ 

served  that  seven  pulses  now  occur  with  the  TPF  cell.  When  the  align¬ 
ment  procedure  is  completed,  a  maximum  of  5  pulses  will  be  observed. 

In  B  the  alignment  has  been  improved  in  this  case  A^  =  45  ps,  the  cor¬ 
rect  number  of  pulses  are  observed  but  the  ratio  R  is  not  maximized. 

In  C,  A  *  40  ps  the  correct  value,  here  the  ratio  R  is  i/(i  -1)  =  3/2. 

If  A^  is  continued  to  he  decreased,  other  TPF  spectra  are  observed.  In 
D,  A^  ■  35  psec  and  in  F.,  A^  =  30  ps.  Finally  in  F,  ~  20  ps 

such  that  the  2nC*  and  3rc*  pulses  overlap.  The  ratio  R  for  this  case  is 

2 

given  by  (1  +  (n  -  1)  l/(n  -  1).  It  is  also  possible  to  define  an 

alignment  procedure  using  this  position.  In  this  case  the  objective 

would  be  to  set  '  =  \  - 1  =  .  .  .  =  A,  *  A_ .  A  progression  of  these 

Ti  n  3  2 

spectra  for  n  «  3  thru  /  is  shown  in  figure  18. 

PEAK  TO  BAOKt'KOIMi  RAl  Io 

An  extensive  studv  was  made  of  the  dependence  of  the  two-photon 

fluorescence  contrast  ratio  on  laser  pulse  intensity  for  attenuating 

media.  These  results  were  published"*  in  the  Journal  of  Applied  Physics. 

A  reprint  of  this  article  is  provided  in  Appendix  5.  (In  the  reprint,  11 

should  be  replaced  by  -o  in  equation  2  and  equations  3a  and  3b  should 

be  credited  to  reference  6).  In  addition,  the  peak  to  background  ratio, 

P/B,  was  investigated  for  dependence  on  P  when  the  intensity  of  the  laser 

2 

pulse  is  held  constant.  Results  for  a  laser  peak  intensity  of  40  GW/cm 
is  presented  in  figure  19. 


BETA  <10  CfVW> 
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FWHM  VS  g  FOR  SINGLE  PULSES 

If  two-photon  fluorescence  Is  considered  for  a  single  laser  pulse 
when  8^0,  the  FWHM  for  the  laser  pulse,  e,  will  not  equal  the  FWHM  of 
the  TPF  spectrum, AT.  A  study  was  conducted  to  determine  variations  In  AT 
as  a  function  of  laser  pulse  peak  intensity.  The  results  are  presented 
graphically  in  figure  20.  For  the  case  presented,  6=1*28X10  ^cm/w, 
a=0.017  cm  ^  and  e=  8  ps.  In  figure  21,  the  same  data  are  presented 
with  the  corresponding  peak  to  background  ratio,  P/B,  as  the  independent 
variable.  P/B  is  defined  as  the  ratio  of  the  TPF  intensity  at  Z  =  0 
to  the  TPF  intensity  at  the  edge  of  the  cell. 

In  both  graphs,  the  FWHM  values  represent  direct  measurements  from 
the  TPF  spectrum.  An  algorithm  was  developed  to  rapidly  determine  AT 
from  a  digitized  TPF  spectrum.  The  algorithm  requires  operator  inter¬ 
vention  to  define  peak  bounds  and  the  peak  maximum.  Background  points 
are  fitted  with  a  second  degree  polynominal  function  in  which  the  back¬ 
ground  point  at  Z  =  0  is  forced  to  equal  1/3  the  peak  maximum  at  Z  =  0. 
(Theory  predicts  that  the  peak  to  background  ratio  is  3:1  when  both  peak 
and  background  intensities  are  measured  at  Z  =  0) .  Fitted  background 
points  are  sub  tracted  from  the  TPF  spectrum  and  the  resulting  points 
in  the  vicinity  of  neak  are  fitted  to  a  Gaussian  function  by  least 
squares  techniques.  A  listing  of  the  algorithm  is  given  in  Appendix  6. 


FLUORESCENT  DECAY 

If  a  single  laser  pulse  passes  through  a  TPF  cell  in  which  a  and  8 
are  not  zero,  information  about  the  laser  pulse  can  be  determined  from 
the  fluorescent  decay  spectrum. 

The  fluorescent  intensity  of  the  TPF  medium  is  given  by  the  rela¬ 
tionship  : 


ru  -  z/v)  dt 


:AK  INTENSITY  CGW/cm~2> 


34 


where  I(t  -  z/v)  =  I^(t  -  z/v)  in  equation  2.  For  analysis,  F(z)  is 
normalized  so  that  the  intensity  at  the  edge  of  the  cell  is  1. 

f(z)  =  F(z)/F(d) .  (17) 

Equation  17  has  been  evaluated  for  several  values  of  a,  B  and  Iq.  For  all 
cases,  a  cell  length  of  1.7  cm  was  used.  In  the  accompanying  figures, 
the  abscissa  ranges  from  0  to  1.7  cm,  thus  the  center  of  the  cell  is 
located  at  Z  =  0.85  cm. 

In  tigure  22,  four  graphs  are  presented  for  various  values  of  a 

and  B.  In  these  graphs  the  upper  curve  corresponds  to  a  laser  peak 

2 

intensity  of  5  GW/cm  .  Suscessively  lower  curves  correspond  to  peak 

2 

intensity  of  10,  20,  30,  40,  and  60  GW/cm  .  Careful  examination  of  the 

curves  indicates  that  one  of  the  parameters  a,  B  or  I  could  be  determined 

without  difficulty.  But  care  must  be  taken  in  determining  any  two  of 

these  parameters.  Since  a  can  be  easily  obtained  by  other  methods, 

the  technique  can  be  applied  to  determine  B  or  I  .  In  figure  23,  f(z) 

at  the  center  of  the  cell,  f(ZQ),  is  plotted  against  B.  For  this  graph, 

2  - 1 

I  »  40  GW/cm  and  n  =  0.017  cm  .  In  figure  24,  f(Z  )  is  plotted  against 
o  o 

laser  peak  intensity.  Here  <x  =  0.017  cm  *  and  B  =  1.28  X  10  cm/W. 

This  final  graph  shows  the  usefulness  of  using  this  procedure  to  determine 
laser  peak  intensity.  All  curves  in  figures  22  to  24  are  independent 
of  the  laser  pulse  width. 

Finally,  the  P/B  ratio  that  would  be  measured  for  these  laser  pulses 
in  a  TPF  setup  can  be  deduced  from  the  fluorescent  decay  curve  with  the 
relationship 


P 

B 


6f(Z  ) 
_ o 

1  +  f(Z  ) 


(18) 


where  f(Z  )  is  the  fluorescent  intensity  at  the  point  where  the  pulse 


FIGURE  22 
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APPENDIX  1:  Intensity  Function  when  a=*  0. 


If  a  =  0  and  B  4  0,  then  consider 


Lim 

a+0 


-  -  EXP(-a(d-Z))J 


=  (B/a)  £l  -  (1  -  a(d±Z))J 


=  (6/a)  a(dlz) 


6(d  +  Z). 


The  denominators  equations  2  and  3  should  be  adjusted  accordingly. 
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APPENDIX  2:  Number  of  TPF  Peaks 


From  equation  4,  has  a  maximum  of  N  =  N'  +  Nq,  where 


n-1  n  n-1 

N’  -  2  £  I  (1)  =  2  E  (n-i)  =  2n(n-l)  -  n(n-l) 

i-1  j-i+1  i=l 


n£  -  n. 


*«. 


In  addition,  one  peak  occurs  at  Z  =  0  thus  N  =1,  therefore 

o 


N  =  n2  -  n  +  1. 


I. 
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APPENDIX  3:  Height  of  Satellite  and  Main  TPF  Pulses 


Consider  equation  4  when  n  ■  2,  K  *  1,  and  a  ■  0.  Let  B  be  terms 
in  S  (Z)  that  contribute  to  background  signal  only,  then 


B 


(ir/2) 


T  I2 
1  01 


+  T  1“ 


2  02 


2%  x  T  I  I 
_  1 _ 2 _ QJ _ 0-2. 


(T2  +  T2  )*S 
1  2 


% 


J 


If  in  addition,  the  laser  pulses  are  isolated  so  A2  >>  T2  +  T2  ,  the 

2  1  2 

ratio  of  the  height  of  the  main  pulse  above  the  background  to  the  height 
of  the  satellite  pulse  above  the  background  is  R,  where 


(1  +  o0)  A  +  a  S(0)  -  B 

R  -  -  =  - 

Jl  6a  S (VA  / 2)  -  B 

2 


where  0 
0  *  a 


I  /I  and  ff«T/T 
02  01  21 

1 


R  has  a  minimum  value  of  2  at 


.  >4 


APPENDIX  4:  Peak  to  Background  Ratio  when  &  *  0 


R'  is  obtained  from  equation  4  when  n*l,  then 


S  (0) 

R'  -  — 1 - 

S  (-d) 
1 


(11/2)**  (EXP(-2ad)  +  K2EXP(-2od>)  T^I 

(ir/2)**  (1  +  K2EXP(-4ad))  T  I2 

1  01 


4(11/2)**  EXP(-2otd)  T  I2  K 

+ - - - — -L-SU - 

(ir/2)**  (1  +  K2EXP(-4ctd))  T  I2 

1  01 


EXP (-2nd) (1  +  K2+  4K) 
1  +  K2EXP(-4ad) 


APPENDIX  5:  Reprint  of  Reference  Five 
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Dtp^fMtenc*  of  the  decrease  in  contrast  ratios  on  the  intensity  of  the  laser  pulse  * 
for  two-photon  fluorescence*' 

D.  0.  Vena  We 

Department  <1/ Physics.  Hampton  Institute.  Hampton.  Virginia  2J66S 

J.Taboada 

USAF School  of  Aerospace  Medicine,  Laser  Effects  Branch  (RZL).  Brooks  AFB,  Texas  7 8235 
(Received  2  April  1979;  accepted  for  publication  24  May  1979) 

The  contrast  ratio  for  two-photon  fluorescence  (TPF)  is  found  to  depend  on  the  laser  pulse 
intensity.  The  peak-to-hackground  ratio  is  observed  to  decrease  from  the  ideal  value  of  3  to  about 
2.1  as  the  intensity  of  the  single  Nd-glass  laser  ultrashort  pulse  is  increased  from  15  to  60 
GW/cm2.  Parametric  analysis  of  the  autocorrelation  function  for  the  pulse  amplitude  shows  that 
this  efTect  can  be  explained  by  two-photon  attenuation  of  the  laser  pulse  by  the  TPF  medium. 

PACS  numbers:  42.60.He,  42.60.  Kg,  42.65.  —  k 


The  two-photon  fluorescence  (TPF)  technique  of 
Giordmaine  et  a!.'  is  a  well-known  procedure  for  ultrashort 
laser  pulse  time  duration  measurements.’  Care  must  be  tak¬ 
en  in  interpreting  the  fluorescence  traces  observed  in  these 
measurements. 14  Ideally,  mode-locked  pulses  should  exhibit 
a  peak-to-background  ratio  (P/B)  of  3.  P/B  values  ranging 
from  about  2.3  to  3  have  been  reported  in  the  literature.'  For 
conditions  employed  by  many  researchers,  P/B  may  depend 
on  the  attenuating  characteristics  of  the  TPF  medium.4  We 
recently  reported  on  a  low-light-level  electro-optic  TPF  sys¬ 
tem  with  sufficient  dynamic  range  to  experimentally  observe 
a  decrease  in  P/B  as  laser  pulse  intensity  increases.  ’  A  simple 
model  of  the  TPF  experimental  arrangement  described  in 
Ref.  7  is  shown  in  Fig.  1 .  The  time-integrated  TPF  intensity, 
5  (2),  is  proportional  to  the  autocorrelation  of  the  laser  pulse 
intensity  as  follows: 

S (2) cc  r  r\(t-z/V)dt+  P  l\(t  +  z/V)dt 

J  00  J  -  00 


FIO.  I.  Typical  TPF  arrangement.  BS — beam  splitter.  M — total  reflecting 
mirror*;  LLD — low-light -level  electro-optics  detecting  system.  (Details  of 
the  system  are  given  in  Ref  7.) 


'Supported  m  part  by  the  Air  Force  Office  of  Scientific  Research,  Air 
Force  Systems  Command.  USAF.  under  Grant  No.  AFOSR-79-0036. 


+  4  /,(f-2/K)/2(f  +  2/F)df.  (1) 

J  JO 

The  position  of  maximum  overlap  in  the  cell  is  given  by/  =  0 
and  V  is  the  group  velocity  of  the  laser  pulse  in  the  TPF 
medium.  /,  and  I2  are  the  intensities  of  the  laser  pulses  in 
each  arm  of  the  triangular  arrangement  in  Fig.  I .  The  ab¬ 
sorption  of  laser  light  when  traveling  in  a  medium  with  ap¬ 
preciable  one-  and  two-photon  absorption  cross  sections  is 
given  by 


dI(t  z/V)  r=al{t_z/V)__0ti(t_z/y) 
dz 


(2) 


Here  a  and  P  are  respectively  the  one-  and  two-photon  at¬ 
tenuation  coefficients  of  the  TPF  medium.  For  temporally 
Gaussian  but  spatially  uniform  pulses,  with  1/e  half-width, 
r,  /t  and  /,  are  given  by 


/,( t-z/V) 

=  /(,  exp{  -  [(/  -z/Vfr  2J>  exp(  -  a(d  +  r)] 

X(1  +  (/9/«)/„exp{-  l(t-z/V)]r  2)} 

X  { 1  -  expl  -  a(d  +  z)] })  1  (3a) 

and 

l2(t  +  z/V) 

=  /0 exp{  —  [(f  +  r/F)V  2]}exp[  -a(d-z) ) 

X(1  +  09/a)/„exp{  -  [(/  +  z/V)2t  2]} 

x{1  -  exp[  -  a(d-  r))})  '.  (3b) 


The  dye  cell  path  length  is  2d  and  /„  is  the  peak  intensity  of 
each  of  the  pulses.  In  general,  no  simple  solution  exists  for 
Eq.  ( I )  for  these  values  of  /,  and 

In  our  experiment,  single  pulses  were  extracted  from 
the  early  portion  of  a  train  of  mode-locked  Nd-glass  laser 
pulses.  Details  of  the  laser  system  are  reported  elsewhere.* 
The  full  width  at  half-maximum  of  the  laser  pulses  was  de¬ 
termined  to  be  8  ±  1  ps.  The  energy  of  each  pulse  was  moni¬ 
tored  with  a  UDT  Model  51 A  Laser  Energy  Evaluator  that 
was  cross-calibrated  with  a  Hadron  Cone  Calorimeter.  The 
TPF  medium  consisted  of  ~5x  10  'M  solution  of  Rhoda- 
mine  6G  in  ethanol  and  the  cell  itself  was  1 .70  cm  long.  The 
single-photon  attenuation  coefficient,  a,  was  determined  to 
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be  0.017  cm  1  with  a  Beckman  spectrophotometer  using 
low-intensity  1.06-^m  radiation. 

TPF  contrast  ratios  obtained  for  intensities  from  ~  15 
to  ~60  GW/cm 1  are  given  in  Fig.  2.  For  the  lower  intensi¬ 
ties,  P/B  is  seen  to  equal  the  ideal  value  of  5  within  experi¬ 
mental  error.  But  as  the  laser  intensity  increases,  P/B  de¬ 
creases  signiftcantly.  Typical  TPF  oscillograms  are  given  in 
Ref.  7.  Theoretical  values  for  P/B  were  obtained  by  numeri¬ 
cal  integration  of  Eq.  (1).  To  best  estimate  the  experimental 
measurements,  P/B  was  defined  to  be  the  ratio  of  the  fluores¬ 
cence  intensity  at  the  central  maximum  to  that  at  the  edge  of 
the  cell.  Thus, 


P/B  =  S(0)/S(  ±d). 


(4) 


Using  data-fitting  techniques,  we  determined  that  a  val¬ 
ue  of  1.28x10  "  1 1  cm/W  for  /?  would  provide  the  best  fit  of 
Eq.  (4)  to  the  experimental  data.  For  multiphoton  processes, 
the  n-photon  absorption  cross  section,  <r„,  is  related  to  the  n- 
photon  attenuation  coefficient,  S„,  by  the  relationship 


6„ha} 

n(n  -  l)tf  ’ 


(5) 


where  N  is  the  number  of  n-photon  absorbing  molecules  per 
unit  volume  and  has  is  the  laser  photon  energy.  For  our  ex¬ 
periment,  where  n  =  2  and  /?  —  S2,  we  obtain  a  value  of  a2 
—  3.93  X 10  49  cm  4  s.  This  value  is  somewhat  larger  than 
those  reported  in  the  literature/  but  not  unreasonable  when 
one  considers  the  large  disparity  in  the  reported  values. 

For  sufficiently  low  intensities  (/?/a)/0< 1.  For  this  sit¬ 
uation,  an  analytical  solution  exists  for  Eq.  (1)  and  the  P/B 
obtained  for  Eq.  (4)  is  a  maximum.  This  maximum  value  can 
be  approximated  by  the  expression 

<6) 


LASER  PEAK  INTENSITY  (GW/em*) 


FIG.  2.  Experiment*!  f)  and  calculated  (jolid  line)  TPF  contrail  ratioa 
for  o*3  X  10  'M  solution  of  Rhodamine  6G  in  ethanol  The  calculated 
ratios  are  defined  to  be  5 (0 )/S (  ±  d) 


FIG.  3.  Calculated  TPF  oscillograms  for  (a)a  =  0  and  0-0,  and  (b) 
a  =  0.01 7  cm  1  and/J  =  I.28X  10  1 1  cm/W.  Peak  intensity  of  each 
pulse  is  JO  GW/cm !  and  2 d  =  1.70  cm.  S(z)is  normalized  so  that  the 
maximum  fluorescence  signal  for  case  (a)  has  a  value  of  J. 


Our  experimental  conditions  yield  (P/B),„„~3.00.  Thus, 
no  significant  decrease  in  P/B  will  be  observed  at  low  inten¬ 
sities.  Comparison  of  the  theoretical  and  experimental  re¬ 
sults  thus  indicates  that  the  observed  variations  in  P/B  are 
attributed  to  the  finite  value  of/?,  i.e.,  two-photon  attenu¬ 
ation  of  the  laser  pulse  by  the  TPF  medium. 

Finally,  numerical  results  for  Eq.  ( 1 )  are  given  in  Fig.  3. 
We  note  that  for  our  experimental  conditions  the  exponen¬ 
tial  decay  in  the  TPF  signal  might  not  be  apparent  under 
superficial  examination  of  the  TPF  oscillograms.  Hie  effects 
are  even  more  obscured  when  large  data  fluctuations  occur 
in  the  oscillograms  or  in  densitometer  scans.  These  data  em¬ 
phasize  the  need  for  researchers  to  minimize  one-  and  two- 
photon  attenuation  of  the  laser  beams  in  TPF  media.  This 
requires  (a)  low  dye  concentrations  and  (b)  low  laser  intensi¬ 
ties.  These  two  requirements  suggest  the  desirability  of  low- 
light-level  TPF  detection  systems. 
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APPENDIX  6:  Program  Listings 

All  programs  are  written  in  BASIC  for  the  Tektronix  4051  Graphics 
Computer  with  16K  memory. 


1.  S  (Z) - Numerical  Integration 

n 

2.  S  (Z) -  Closed  Form  for  Beta  =  0 

n 

3.  Laser  Pulse  F  W  H  M  from  T  P  F  Spectra  (Requires  MATRIX  ROM) 


4.  Graphics  Algorithm 


NUMERICAL  INTEGRATION  FOR  S<2> - *6/79-03 


30  23-0.222 

40  REH  25- ALPHA y  26-BETA 
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